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Abstract 
This dissertation presented below considers the field of printed catalysts as the main sub-
ject of its study. 3D printing is an innovative and unique additive manufacturing technol-
ogy that without doubt offers a high degree of freedom for the creation of various prod-
ucts. Concerning the chemical engineering sector and catalysis in combination with 3D 
printing is at a very early stage. The ease of access in low-cost, dependable, efficient and 
unique catalytic materials will be undoubtedly vital in fabrication of monolith catalysts. 
Up to this point, there are not many researches in 3D printed catalysts that can be used in 
catalytic reactions. In view of this, the ultimate goal of this dissertation is the fabrication, 
testing and characterization of an inexpensive zeolite-based thermoplastic catalytic ma-
terial that has been prepared into filament form for direct 3D printing. Results from the 
dynamic ultra-micro-hardness test as well as analysis with microscope are thoroughly pre-
sented in order to fully define the structure along with the mechanical properties of the 
developed composites. The dynamic test leads to good results, as it thoroughly presented 
below. This dissertation provides starting points for discussion and further research in the 
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 Introduction  
The topic of this dissertation is the synthesis of a catalyst via 3D printing, as previous 
work in this field of interest is limited. This thesis presents an approach of using ABS 
(Acrylontrile Butadiene Styene) and a mixture of zeolite catalyst in powder form as ma-
terials for fabrication of a filament. This filament is supplied for the direct 3D printed 
heterogeneous catalyst via FDM (fused deposition modelling). The selection of the ma-
terials has been made with the aim to ultimately apply the 3D printed catalyst for the 
conversion of CO2 to DME (dimethyl ether).  
The main goal of this dissertation is the fabrication of a filament with the proper compo-
sition of the materials of interest, and the use of it to 3D print a catalyst, which is stable 
and efficient. This might help with the design and creation of unique catalysts with spe-
cific characteristics in terms of structure and mechanical and physicochemical properties. 
This first chapter presents the theoretical background, in 3D printing and catalysis. The 
second chapter gives a brief overview of the literature so far, in 3D printed catalysts, with 
focus on the application for the CO2 to DME reaction. The methodology of the experi-
mental part is described in detail in the third part of the report, and results regarding the 
mechanical strength as well as analysis with microscope are discussed in the fourth chapter. 
The conclusions are drawn in the final section.  
1.1  3D Printing & Catalysis 
3D printing or additive manufacturing (AM) is the process of constructing an object by 
depositing, joining and solidifying materials through a digital model or a CAD (computer 
aided design), using proper materials. Nowadays, it is a popular process for pharmaceu-
ticals industries, the medical sector, the drug industry, the biology, the food synthesis, the 
robotics, the electronics and many others, and continues to receive great recognition. (1) 
However, 3D printing so far has limited application in the sector of chemical and process 
engineering. Catalytic processes in particular constitute the backbone of the chemical in-
dustrial sector. Heterogeneous catalysts are solid catalysts with specific structure that pos-
sess active sites that can catalyze chemical reactions from raw materials to useful prod-
ucts. Heterogeneous catalysts are typically produced via impregnation or precipitation on 
a solid support in liquid phrase followed by thermal processing. The conventional catalyst 
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production methods may lead to final catalysts with several drawbacks, such as non-uni-
form access of reactants to the catalytic surface, creation of non-optimal channels, non-
expected hotspots and thermal runways of exothermic reactions and significant pressure 
drop. (1) (2) (3) 
The application of 3D printing for catalyst manufacturing provides great promise for 
overcoming some of the above-mentioned issues. 3D printed catalysts can be produced 
with the accurate fabrication of optimized geometries through Computational Fluid Dy-
namic (CFD) and detailed experimental evaluation. Structured catalysts improve mass 
and heat transfer, while they also increase the geometric surface area of the catalyst. Ac-
curately fabricated 3D printed catalysts have controlled fluid dynamics, better tempera-
ture distribution, and improved efficiency in general. To conclude, the use of 3D Printing 
for catalyst preparation allows for a high degree of freedom in both the composition and 
design of the final catalytic material (4) (1). 
 
1.2 Carbon Dioxide (CO2) to Dimethyl Ether (DME) 
As global warming is a fundamental problem nowadays, the recycling of CO2 from the 
atmosphere and its transformation into useful products appears as a promising mitigation 
measure. One of these products could be DME (dimethyl ether). DME can be used either 
as a fuel or as an intermediate feedstock to other chemical products, such as olefins. As a 
fuel, it serves as a diesel substitute. DME has a high cetane number, high thermal effi-
ciency, does not emit sulfur oxides, and has reduced nitrogen oxides in exhaust gases. All 
of the above contribute to DME being a competitive fuel for the future. (5) (6) 
There are two ways to produce DME from CO2/H2 or CO/H2 (syngas) via a single or two-
stage process. Concerning the two-stage process, firstly methanol is synthesized from 
CO2/H2 or syngas via a methanol synthesis catalyst. Secondly, methanol is dehydrated to 
DME via a methanol dehydration catalyst. In the single-stage process, CO2/H2 or syngas 
is directly converted to DME via a bifunctional DME synthesis catalyst, combining meth-





 Methanol synthesis reaction: CO2+3H2 → CH3OH + H2O      (1) 
 Methanol dehydration reaction: 2CH3OH → CH3OCH3 +H2O     (2) 
 Reverse-water-gas-shift reaction: CO2 +H2→ CO + H2O      (3) 
 Global reaction: 2CO2 + 6H2 → CH3OCH3 + 3H2O        (4) 
 
The main catalysts for methanol synthesis are Cu-based catalysts, like CuO–ZnO, CuO–
ZnO–Al2O3, CuO–ZnO–CrO3, CuO–TiO2–ZrO2. It is believed that ZnO adsorbs CO2 and 
Cu promotes the methanol synthesis reaction. (5) (6) For methanol dehydration, solid acid 
catalysts, such as γ-alumina or ZSM-5 zeolite, are used. Naik and coworkers (5) evaluated 
the conversion of CO2 and H2 to DME with the use of 6CuO–3ZnO–Al2O3/γ-Al2O3 and 
6CuO–3ZnO–1Al2O3/HZSM-5. They concluded that 6CuO–3ZnO–1Al2O3/HZSM-5 
showed a much higher conversion of CO2 with higher selectivity to DME in both fixed-
bed and slurry reactors. (5) 
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 Literature Review 
In this chapter, a short literature review on 3D printed catalysts is presented, focusing on 
heterogeneous catalysts for the CO2 to DME reaction. The review focuses mostly in recent 
research in this field of interest because of the limited evolvement of 3D printing in ca-
talysis. The studies discussed below concern the fabrication of printed monoliths and the 
evaluation of their characteristics in order to improve different factors.  
Lefevere and his coworkers (7) directly manufactured 3D-printed monoliths catalysts. 
They focused on the mechanical strength of the structure by using different binders and 
distinctive designs of the final monolith. The active material was ZSM-5 powder with a 
Si/Al ratio of 25, and for binder, they used bentonite, colloidal silica, and aluminophos-
phate solution. A binder (or binary binder in a weight ratio of 50/50 of the inorganic 
binders) and zeolite made the mixture in the percentage of 35%wt and 65%wt, respec-
tively. The 3D method involves the extrusion of the paste through a nozzle and creates 
porosity 68% between the fibers without considering the internal porosity of the solid 
structure. After the printing, samples were dried and calcined. To analyze the monolith, 
they made a variety of tests. Through the evaluation of three different methods for drying, 
they show that for bentonite, the best drying method is slow controlled drying, in contrast 
to the other binders (colloidal silica and aluminophosphate solution), which need rapid 
drying to avoid collapse, and that is explained because of the size of the powder of each 
binder. Binary binders have the characteristics of both binders and intermediate behavior. 
After a compression test, they prove once again that the binder is important for mechani-
cal strength and the one with better results was the aluminophosphate for the single 
binder. In mixed binders, the combination of aluminophosphate and bentonite had excel-
lent mechanical properties. (7) 
In another work, Lefevere et al. (4) evaluate the effect of different binders and design 
(architecture) on the catalytic performance in methanol to olefins reaction (MTO) with 
self-supporting macroporous ZSM-5. They printed same monoliths as their previous work 
described above. They printed monoliths from one binder and then a combination of them, 
but with different thicknesses of fiber, based on the diameter of the nozzle (ranging from 
0.4mm up to 1.5mm) and then different porosity 55, 68, and 75%. Finally, they used 
different stacking layers: stacked one on top of the other creating straight channels, and 
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shifted, creating zigzag channels. They claim that aluminophosphate has decreased acid-
ity and specific surface area but improved selectivity to light olefins, also lower activity 
due to decreased active sites and lower stability in comparison with other binders. Binary 
binders, especially the combination of aluminophosphate and silica, have higher activity, 
lifetime and greater stability, when the selectivity is the same. To evaluate the character-
istics of the shape, they used the combination of silica and aluminophosphate and con-
cluded that decreasing the diameter of the nozzle there was an increase in activity and 
stability because of the shorter diffusion, but this influences the residence time and coking 
rate. Concerning the porosity, they found that at higher porosity (75%), the stability in-
creases significantly, but lower porosity is better for the activity of the catalyst. Finally, 
concerning the stacking, they claimed that the zigzag shape had higher activity than the 
straight channels, due to the turbulence which has a higher impact on mass and heat trans-
fer.(4) 
In 2018, Rownagli and coworkers (8) prepared 3D printed monoliths to evaluate activity 
and selectivity in methanol-to-olefins (MTO) reaction. They used ZSM-5 and additions 
of other metals in the initial mixture to find the best combination.in terms of performance. 
They prepared a paste of 87.5 % wt ZSM-5 (SiO2/Al2O3 ratio equal to 50), 10 % wt ben-
tonite and methylcellulose (2.5% wt ). About 10% wt of the metal was added to the paste 
of zeolite and bentonite (which is consistent with a corresponding reduction in their per-
centages 78.53% wt ZSM-5 and 8.97% wt bentonite). Concerning mechanical strength, 
all metal/ZSM-5 combinations collapsed later than the pure ZSM-5 monolith, which leads 
to the conclusion that all doped monoliths tolerate higher stress than the bare ZSM-5 
before fracture. They also concluded that the metals in the monoliths affect the efficiency 
of the MTO reaction. Their results show that Mg/ZSM-5 and Zn/ZSM-5 have improved 
ability to produce light olefin, (8) 
Rownagli and coworkers (9) also evaluated 3D printed doped catalysts with metals for 
the methanol to hydrocarbons (MTH) reaction in the presence and absence of CO2, using 
similar materials as above. They found that both metal dopants and the presence or ab-
sence of CO2 plays a key role. N2 atmosphere enhanced the yield of light olefins over all 
metal-doped catalysts. Also, they concluded that Y-ZSM-5 (Yttrium) 3D printed mono-
liths showed a higher yield of light olefins in the absence of CO2 when Zn-ZSM-5 in 
present. (9) 
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In their recent work, in 2020 Rownagli and coworkers (10) manufactured 3D printed 
HZSM-5 monoliths with different porosity and controlled acid sites for the catalytic con-
version of methanol to DME (dimethyl ether). After the formation, they wash coated the 
initial structure with silicoaluminophosphate (SAPO-34). They used the same way to pre-
pare the paste as in their earlier work described above. For the SAPO-34 structures, they 
emerged the parent structures in a mixture of SAPO-34 seeds (1% wt) and water. They 
concluded that the selectivity to DME was significantly increased because of the modifi-
cation in acidity and porosity of the 3D-printed HZSM-5 structured monolith, as com-
pared to its powder counterpart and 3D-HZSM5@SAPO-34 structured monolith. SAPO-
34 growth enhanced the density of the strong acid sites which caused the further conver-
sion of DME to higher hydrocarbons. The highest DME selectivity reached 96% on a 3D-
HZSM-5 structured monolith at 180 °C, which also achieved ~70% conversion of meth-
anol. (10) 
In another attempt to manufacture 3D printed catalysts, Konarova et al in 2020 (11) eval-
uated 3D monoliths containing ZSM-5 and KMoCo catalyst with two different ap-
proaches to synthesize higher alcohols from syngas. In their one-step approach, they used 
5g KMoCo-Z100 (20wt% Mo, 10wt% Co) and K/Mo=0.06 with binders Ludox and ben-
tonite in a weight ratio 5:1:5. After the printing procedure, the samples were dried and 
heat-treated. In their two-step approach, the zeolite was combined with the binders in a 
weight ratio of 10:2:10. After drying and calcination, they prepared a metal precursor 
solution and via hydrothermal synthesis, created the second monolith. Comparison of the 
monoliths with the corresponding powder showed lower CO conversion over the powder, 
while the KMoCo-Z100, maintained stable activity with a reasonable level of CO conversion. 
Also, they referred that the step method was more challenging because of limited control 
over the dispersion of catalyst particles. (11) 
To conclude, more research is needed, to understand the interaction of zeolite, binders 
and/or metal dopants to the acid sites of a catalyst, and how those interactions influence 
the mechanical strength, acidity, porosity and surface area, and ultimately the catalytic 
performance. 
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 Experimental Part 
This chapter presents the main terminology and theoretical background in technical part 
of catalyst fabrication via 3d printing. For the methodology used in experimental part, the 
creation of the filament is presented in detail, including the materials in the second part 
and the equipment in the third. In the fourth section, the preparation of the filament is 
presented in detail. 
3.1 3D Printing Technologies for Catalysis 
3.1.1 Printing a Catalyst 
Additive Manufacturing (AM) technologies follow pretty much the same steps for the 
fabrication of printed objects, which are the same also for 3D printed catalysts. First 
comes the CAD file for the 3D model, and then the conversion into a STL file format. 
The third step is the slicing of the STL file using slicing software and prepares the layers 
for the printer. The next step is the preparation of the initial mixture of the solvent, the 
binder, and the catalyst material, which is fed to the printer as a paste or filament. The 
ultimate step is the printing of the catalyst. All the above is evaluated in every step with 
the use of technology like the use of CFD (Computational Fluid Dynamic) methods for 
the CAD and the printing procedure to make changes in the slicing and/or materials. 
When the catalyst is printed, it is calcined to remove all the additives and then is evaluated 
for its efficiency in terms of catalytic activity and mechanical strength. (12)  
3.1.2  3D printing methods 
There are four main methods for 3D printing, with different characteristics for the fabri-
cation of models. Below are presented the main key points of interest for each method. It 
important to refer that the method used for this dissertation is the Fused Deposition Mod-
eling (FDM) method. It is selected because part of the experimental part is the creation 
of a filament with material of interest, and the final creation of a catalyst with specific 




  -17- 
Extrusion Based Methods 
The Robocasting 3D printing method extrudes pastes based on particles. Usually, a sol-
vent and a highly concentrated mixture of the material of interest are extruded through a 
nozzle in layers, so that the final product is printed. The composition of the initial mixture 
of solvent and the material of interest has a particularly important effect on the final shape. 
Usually, the final object is fired to remove additives. Typically, the minimum printable 
size in robocasting is 30-500μm. (1) 
Fused Deposition Modeling (FDM) is the same, except that the thermoplastic polymer of 
the initial mixture is extruded through a heated nozzle. The initial mixture is supplied as 
a filament. It is possible to incorporate different filaments and more than one extruder for 
the final object, either to use the one as a supporter or as collaborative materials. This is 
the method used for the printed catalyst in this dissertation. (1) (12) 
 
Stereolithography 
Stereolithography (SLA) uses an ultraviolet (UV) light source to solidify photopolymer 
resins to print the final object. This procedure uses slides of the resins and scans over their 
surface or projects the entire slice. This method has high accuracy due to the layer thick-
ness (approximately 25μm), but it cannot be used when chemically functionalized parts 
are needed. (1) (12) 
 
Inject Printing 
Inkjet printing places tiny droplets of liquid ink at well-defined positions onto a substrate, 
based on the digital data, which generates the pressure pulse. Those pulses are realized 
either via a thermal approach or piezoelectric. The diameter of droplets for commercial 
inkjet printers is 25 to 125 mm in diameter. (1) (12) 
 
Powder bed methods 
According to this method of 3D printing, a thin layer of powder is spread, and object 
slices are constructed by selectively binding the particles together in the powder layer. 
Particles are bonded by a binder liquid through a moving inject print head. The unused 
powder material can be recycled after its use as a support for the object under construction 
(1) 
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3.1.3 Types of catalysts  
There are two ways to apply 3D printing for catalyst preparation, direct and indirect 
method. In the direct method, the material of the catalyst is printed directly through the 
printer and is contained in the initial mixture with a binder to create a paste. The self-
supported active material is incorporated in the structure, so fewer steps are needed during 
manufacturing and a high amount of catalyst material is introduced to the final objects 
directly. The difficulty in this method is to achieve high porosity for accessibility to all 
active sides. However, the impact of binders in the mechanical and physio-chemical prop-
erties needs further research. The rheology of the mixture is important during extrusion; 
also important is the drying and calcination procedure. The key to self-structure is the 
combination of mechanical strength and porosity. (4) (7) 
In the indirect method, a scaffold is printed to support the catalyst materials, which are 
added to the surface of the support material with coating. There are two methods for coat-
ing: wash-coating and hydrothermal coating. (7) 
There are also two main types of catalyst shapes: monoliths and pellets. The advantages 
of the monoliths are the lower pressure drop, higher mass transfer, and thus better distri-
bution of reactants. They also combine the mechanical properties of the support with low 
amount of active material. Drawbacks are the low loading of zeolite per reactor volume 
and coating adhesion. With pellets, the main disadvantages are mass and heat transfer 
limitations. Decreasing their size leads to better mass and heat transfer but increased pres-
sure drop. (4) (7) 
For this dissertation, a filament with material of interest is prepared and used as supply 
for direct 3D printing of the monolith with catalyst materials inside the structure.  
3.2 Materials 
In this part of the experimental procedure, the materials, which are used for the prepara-
tion of the filament, and their main characteristics are presented. 
3.2.1 ABS (Acrylonitrile Butadiene Styrene) 
Acrylonitrile butadiene styrene (ABS) (chemical formula (C8H8)x·(C4H6)y·(C3H3N)z) is 
a thermoplastic polymer widely used in various everyday objects. ABS, is commonly 
used to describe many blends and copolymers of acrylonitrile-, butadiene-, and styrene-
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containing polymers and it is the most popular FFF (Fused Filament Fabrication) mate-
rial. Through the styrene properties, a shiny and resistant surface to the plastic is attained. 
On the other hand, the rubbery nature of the polybutadiene supplies toughness even at 
low temperatures. Additives are included to the ABS to improve flow, color, and proper-
ties such as anti-oxidants and UV absorbers. All of the above make ABS the most com-
monly used printing material (13), (14) 
3.2.2 Acetone  
Acetone, or propanone with the formula (CH3)2CO, is an organic compound. It is the 
smallest ketone and is an extremely flammable, colorless liquid. Acetone is easily mixed 
with water and serves as a high-importance solvent, typically for dissolving and cleaning 
purposes in many laboratory processes. For the joining of ABS, acetone and ABS, more 
specifically butadiene in the ABS, are from the same organic family, and that is the reason 
of great solubility of ABS in acetone. In the project, acetone is used as the main solvent, 
as the chemical reaction of acetone with ABS provides a unique liquid mixture that can 
be further combined with various substances. (15) (16) 
3.2.3 PEG (polyethylene glycol) 2000 
Polyethyl glycol is a synthetic polyether with molecular structure 
H−(O−CH2−CH2)n−OH and available in a range of molecular weights. These polymers 
are amphiphilic and soluble in water as well as in organic solvents and is used in many 
applications from industrial manufacturing to medicines. A plasticizer is used not only to 
improve the processability of polymers but also to enhance the flexibility and ductility of 
glossy polymers. (17) (18) 
Concerning ABS, several plasticizer are used if needed, and usually that affects the vis-
cosity by reduction of melt viscosity and thus the processing temperature. Commonly a 
small addition (1-2 wt%) is required to increase flow ability. (19) 
3.2.4 Mix of Catalysts 




In this third part of the experimental procedure, the equipment used during the preparation 
of the filaments is presented.  
 
3.3.1 Ultrasonic Processor  
To ensure even dispersion of all the elements that constitute the liquid mixture. For this 
step, the UP200S Ultrasonic Processor by Hielscher Ultrasonics GmbH has been used 
(Figure 1).  
 
Figure 1: The Ultrasonic Processor UP200s. (Instruction manual Ultrasonic processors for Labor-
atories, 2007) 
The Ultrasonic Processor UP200s is exceptional for the homogenization of liquids. The 
high efficiency is one of the most important characteristics of this machine. The Ultra-
sonic Processor UP200s does not require artificial cooling and it is suitable for continuous 
use. The amplitude can be adjusted in steps between 20% and 100%, as well as the cycle 
from 0 to 1. (20) 
The glass container is secured with the specially designed clamp-tool and covered with a 
protective transparent plastic membrane, which ensures the avoidance of any external 
contamination. (20) 
3.3.2 Dry and Heating Oven 
The Dry and Heating Oven used in this experiment was the FD 56 model provided by 
Binder GmbH and is presented in Figure 2. 
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Figure 2: Binder Oven FD 56 (Series FD, 2017) 
The Dry and Heating Oven ensures low-time and exceptional efficiency in drying the 
samples and completely evaporating the acetone. The device consists of a robust air-
forced convection air bath. The speed of the turbine along with the temperature can vary 
depending on the sample needs and can be adjusted by using the electronic regulator pro-
vided by the machine, furthermore, the machine is equipped with a timer. Regarding the 
drying function of the oven, it has uniform drying conditions regardless of the number of 
samples, as well as the sample size. (21) 
3.3.3 Rapid Shredder  
Pelletizing is the process of compressing, molding, or cutting material into the shape of a 
pellet. For this process the model KG49 Electric Grinder provided by Delonghi has been 
used and presented in Figure 3. The grinding mechanisms consist of two stainless steel 
blades and the grinding level fluctuates from fine, medium to coarse.  
 
Figure 3: KG49 Electric Grinder by Delonghi 
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3.3.4 Extruder 
For this experiment, the Filabot Original Filament Extruder by Filabot (Figure 4) was 
used. The main function is converting the produced plastic pellets and shaping them into 
a filament, whose diameter can be either 1.75 or 3mm. The result can be used with fused-
filament-fabricator 3D printers. The extruder consists of a single screw of the above-men-
tioned diameters. (22) 
 
Figure 4: Filabot Original Filament Extruder 
The extruder is able to accept new or recycled ABS, HIPS, PLA pellets, along with various 
additives like fiber, wood, and conductive materials to create custom prototype materials. The 
extrusion temperature ranges from 40°C to 400°C, can be set using the incorporated temper-
ature panel to ensure easy access from the user, and controlled heating environment through-
out the process. (22) 
3.4 Filament Fabrication 
In this part, the experimental procedure for fabricating proper monofilament materials for 
3D printing of the catalyst is thoroughly presented. Using a single screw extruder and the 
previously mentioned prototype materials, monofilaments were produced. Different per-
centages of the materials were used to find the best combination for the filament. The 
chosen diameter of the produced filament was 3.00mm.  
  -23- 
3.4.1 1st Attempt of Laboratory Procedure 
First, using ABS pellets as the matrix ingredient (binder) various samples were created. 
By mixing ABS-pellets, acetone (high content of CH3COCH3 more than 99.7%), and the 
catalytic material into glass air-shield containers different samples were prepared. Spe-
cifically, three different samples (50 gr in total) were prepared, as presented in Table 1. 
Table 1: Details of the initial samples 






Sample 1 60% polymer – 40% catalyst 50 30 20 
Sample 2 70% polymer – 30% catalyst 50 35 15 
Sample 3 80% polymer – 20% catalyst 50 40 10 
 
To start the liquefaction process, ABS-pellets were completely covered with pure ace-
tone. Due to the high evaporation rate of acetone, each sample was stored for 96 hours (4 
days) into glass airtight containers for the acetone to dissolve completely the ABS-pellets. 
After the initial liquid mixture was created, the catalyst powder was carefully added. The 
complete sample in sealed containers is presented in Figure 5. 
 
 
Figure 5: Sample of the liquefied mixture in the sealed container 
After adding all the components, prototype samples were created. Subsequently, each 
sample went through the following equipment to produce filament prototypes for 3D 
printing.  
 Ultrasonic Processor  
 Dry and Heating Oven  
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 Rapid Shredder  
 Extruder  
Ultrasonic Processor 
The first step of the laboratory process following the creation of the samples, was the 
Ultrasonic Processor, to ensure even dispersion of all the elements that constitute the liq-
uid mixture. For this step, the UP200S Ultrasonic Processor by Hielscher Ultrasonics 
GmbH has been used (Figure 6).  
  
Figure 6: The Ultrasonic Processor UP200s 
The glass container is secured with the specially designed clamp-tool and covered with a 
protective transparent plastic membrane, which ensures the avoidance of any external 
contamination. The cycle for each sample was set at 0.5-0.6 and the amplitude at 60% - 
80%. The ultrasonic processor’s sonotrode tip is immersed into the liquid, a few millime-
ters above the bottom of the container. To ensure a low general temperature, the container 
remains submerged in an improvised water bath during the whole procedure. The water 
is renewed every 15 minutes to supply efficient cooling. A duration of 60 uninterrupted 
minutes is needed for each sample, to ensure the even dispersion of the elements. Figure 
7 presents the sample to the Ultrasonic Processor. 
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Figure 7: Sample to Ultrasonic Processor 
Dry and Heating Oven 
The Ultrasonic Processor is followed by the Dry and Heating Oven process. After trans-
ferring the homogenous mixture of each sample in aluminum containers, the samples 
were carefully placed into the Dry and Heating Oven. The Dry and Heating Oven used in 
this experiment was the FD 56 model provided by Binder GmbH and is presented in Fig-
ure 8. 
 
Figure 8: Binder Oven FD 56 (Series FD, 2017) 
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For this experiment, all the samples were dried in the oven for 180 minutes (about 3 
hours) at a stable temperature of 90°C. At the end of this procedure, acetone was com-
pletely evaporated, and the samples were successfully removed from the cases. The out-
come is presented below in Figure 9 
 
 
Figure 9: Samples after the oven and the acetone evaporation 
Pelletizing 
Pelletizing is the process of compressing, molding, or cutting material into the shape of a 
pellet. Each sample is carefully crushed and smashed by hand to convert them into small 
pieces (pellets). Creating pellets from the produced samples is critical for the next step of the 
laboratory procedure so that they can be used during the next phase, which is the extruder. 
By pelletizing, all of the samples were converted into small pellets, as shown below in Figure 
10. 
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Figure 10: Pelletized sample 
Extruder 
The pellets were first dried again to ensure that any traces of acetone and/or moisture 
have been removed. The dry samples were then processed in the Filabot Original Filament 
Extruder (Figure 11). 
 
Figure 11: Filabot EX2 Filamet Extruder 
Prior to the creation of each filament, pure ABS pellets were purred into the hopper in 
order to clean the extruder from previous usage. Moreover, as the melting temperature 
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range of ABS is at 180-220°C, the temperature of the extrusion was set at 240°C to 
achieve the desired fluidity. 
Filament 
In this first attempt, the aforementioned steps led to the production of a filament with 
problematic characteristics. This filament had an uneven diameter, which could potentially 
break, and non-uniform distribution of materials. That caused a problem in the extrusion, 
which in the beginning produced filament mainly with ABS while towards the end it 
produced a filament with the residues that were left from the catalyst powder. The most 
important was that the aforementioned problems made the extruder to stop, when the 
screw stuck inside. At that point the procedure was stopped, and the extruder was cleaned 
for further use. Because of the problems above, the creation of filament with some differ-
ent composition in percentages of materials was decided, as described below in the 2nd 
attempt. 
3.4.2 2nd Attempt of Laboratory Procedure 
The procedure for the creation of the filaments is similar to the previous one, but with 
some differences so as to correct previous failures. For this second attempt, three samples 
in total were prepared, but the percentages of the synthetics were higher and a plasticizer 
(PEG 2000) was used to help the whole process. Table 2 below has the details for the 
samples in this attempt. 













97% polymer – 2% 
plasticizer - 1% cata-
lyst 
50 48.5 1 0.5 
Sample 2 
(97%) 
95% polymer – 2% 
plasticizer - 3% cata-
lyst 
50 47.5 1 1.5 
Sample 3 
(95%) 
93% polymer – 2% 
plasticizer - 5% cata-
lyst 
50 46.5 1 2.5 
 
The ABS pellets were fully covered and mixed with pure acetone (>99.7%) for 4h until 
fully dissolved into a glass air shield container (Figure 12) 
  -29- 
 
Figure 12: Samples of ABS and acetone in different percantages 
The catalyst powder and the plasticizers were added in the containers and the containers 
went through the Ultrasound Processor to ensure dispersion of all the elements. The cycle 
was set to 0.7 and the amplitude to 75%. (Figure 13) 
 
Figure 13: Sample at the Ultrasound Processor 
Similar to the previous attempt, the samples were dried for about 3h at 90oC in aluminum 




Figure 14: Samples after the Dry and Heating Oven 
For the pelletizing of the created materials, the KG49 Electric Grinder by Delonghi was 
used to achieve the desired size of the pellets. This step is extra in comparison with the 
previous attempt and achieved more uniform and smaller pellets, which helped the ex-
truder to produce the filaments. Figure 15 presents the sample with pellets after the 
Grinder. 
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Figure 15: Pellets of the samples 
 
The final step for the creation of the filaments was the extruder (Figure 16). The temper-
ature was set at 220oC.  
 
Figure 16: Filament creation through the Extruder 
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Thus, three filaments were created from the prepared samples, and the final filament is 
presented below in Figure 17  
 
Figure 17: Final Filament 
  
  -33- 
 Results 
This section summarizes the findings and contributions made. The present dissertation 
concerns the findings on the mechanical strength of the prepared filaments and their mi-
croscopic analysis. 
4.1 Dynamic Micro-Indentation Test 
Analysis of the mechanical properties of the compounds in a filament form, as well as in 
printed form was performed using a dynamic ultra-micro-hardness tester. The tester used 
in the investigation was the DUH-211 dynamic ultra-micro-hardness tester provided by 
Shimadzu Co (Figure 18), equipped with a triangular pyramid indenter tip (Berkovich 
indender).  
 
Figure 18: DUH-211 dynamic ultra-micro-hardness tester 
 
The specimens were secured tightly onto an attached holder. Dynamic micro-indentation 
is associated with applying a controlled load (F) via a diamond tip which is in contact 
with a surface. The penetration depth (h) of indentation is continuously monitored as a 
function of load. A schematic illustration of the typical micro-indentation load–penetra-
tion depth curve obtained from the aforementioned tests is shown below in Figure 19 
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Figure 19: Schematic illustration of the micro-indentation load versus penetration depth curve 
obtained from the testing 
During the indenter load and unload function, the specimen is submitted to both plastic 
deformation (hp) and elastic deformation (he). The total deformation (ht) is the sum of hp 
and he in the micro-indentation load–penetration depth curve. Moreover, the indentation 
hardness and elastic modulus can be calculated by the indentation load and penetration 
depth data.  
In this dissertation, the dynamic micro-indentation test was carried out with peak loads (Fmax) 
of 50 mN for the filament form samples. 
The load rate remained constant at 13.31 mN/s, and the hold time at the maximum load 
was set to 3s. The dynamic micro-indentation results, such as indentation hardness and 
elastic modulus, were calculated as the average values of three measurements. 
The Dynamic Micro-Indentation Test analysis of the three repeated tests along with the 
correspondingly figures are listed below for each sample. In the Tables below Fmax is the 
maximum force exerted, hmax is the total deformation, HMT115 is the dynamic hardness 
and Eit the elastic moduli. Statistical data are also presented. The figures show the Micro-
indentation load versus penetration depth curve. 
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Table 3: Data for sample-1 99% Synthetic & 1% Catalysts 
SEQ Fmax hmax HMT115 Eit Data name 
  [mN] [μm] [N/mm2] [N/mm2] 
99% 
1 51.35 3.9385 114.465 2.85E+03 
2 51.33 4.0634 107.481 2.77E+03 
3 51.35 4.0473 108.38 2.79E+03 
Average 51.34 4.0164 110.109 2.80E+03 
Std. Dev. 0.014 0.068 3.799 40.418 
CV 0.027 1.691 3.45 1.443 
 
 
Figure 20: Micro-indentation load versus penetration depth curve sample 1 99% Synthetic & 1% 
Catalysts 
Table 4: Data for sample-2 97% Synthetic & 3% Catalysts 
SEQ Fmax hmax HMT115 Eit 
Data 
name 
  [mN] [μm] [N/mm2] [N/mm2] 
97% 
1 51.96 4.5496 86.801 1.87E+03 
2 51.32 4.4821 88.331 1.91E+03 
3 51.97 4.4703 89.918 1.89E+03 
Average 51.75 4.5006 88.35 1.89E+03 
Std. 
Dev. 0.373 0.043 1.559 19.606 

















Micro-indentation load versus penetration 




Figure 21: Micro-indentation load versus penetration depth curve sample 2 97% Synthetic & 3% 
Catalysts 
Table 5: Data for sample-3 95% Synthetic & 5% Catalysts 
SEQ Fmax hmax HMT115 Eit 
Data 
name 
  [mN] [μm] [N/mm2] [N/mm2] 
95% 
1 51.92 5.0068 71.61 1.44E+03 
2 51.92 4.9778 72.447 1.40E+03 
3 51.95 4.7696 78.959 1.45E+03 
Average 51.93 4.9181 74.339 1.43E+03 
Std. 
Dev. 0.019 0.129 4.023 27.111 


















Micro-indentation load versus penetration 
depth curve sample-2 97%
97%_1 97%_2 97%_3
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Figure 22: Micro-indentation load versus penetration depth curve sample 3 95% Synthetic & 5% 
Catalysts 
Based on the above data, there is very good repeatability in the results for all three sam-
ples. 
Table 6 and Figure 23 show average values for each sample for comparison. 
Table 6: Comparison of Data for all samples 
SEQ Fmax hmax HMT115 Eit 
  [mN] [μm] [N/mm2] [N/mm2] 
s1 99%-1% 51.33 4.0634 107.481 2.77E+03 
s2 97%-3% 51.97 4.4703 89.918 1.89E+03 


















Micro-indentation load versus penetration 




Figure 23: Micro-indentation load versus penetration depth curve 
Furthermore, three additional charts were created in order to analyze the difference in total 
deformation (hmax), dynamic hardness (HMT115) and elastic moduli (Eit) and between the 
three samples 
 














































Comparison of Total deformation (μm)
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Figure 25: Comparison of Dynamic Hardness (MPa) 
 
 
Figure 26: Comparison of Elastic Moduli (MPa) 
For the current work, it is sufficient to point out that as the plastic content increases, so 
does the hardness and the elasticity. Also, the depth has inversely proportional behavior, 
as the harder a sample is the less the indenter penetrates into it (with a constant maximum 
load of course). It is worth noting that the above results concern prepared filaments and 
not printed structures. This has been previously assessed only to a very limited extent 
because of the limited use of ABS as binder, but Lefevere et al (2017), in their research 
for the importance of the binder in 3D printed catalyst, achieved maximum 1.54 MPa 


















































Comparison of Elastic Moduli (MPa)
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4.2 Microscopic Analysis  
Microscopic analysis can provide information about the external morphology (texture), 
chemical composition, and crystalline structure of a sample, as well as material distribu-
tion. In the majority of the applications, data are obtained over a specific area of the sur-
face of each sample; therefore, a 2-dimensional figure is generated that illustrates spatial 
variations.  
The microscope used in this thesis was the Dino-Lite Premier AM7013MZT digital 
handheld microscope (Figure 27), which has a 5 Megapixels sensor with adjustable po-
larizer abilities. (23) 
 
Figure 27: Dino-Lite Premier AM7013MZT Microscope 
The three different created filaments were firstly placed transversely and the secondly one 
longwise. In the following figures the findings are presented.  
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Figure 28: Transverse figure of filament sample 95% 
 
 




Figure 30: Transverse figure of filament sample 97% 
 
 
Figure 31: Sample 97% placed longwise 
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Figure 32: Transverse figure of filament sample 99% 
 
 
Figure 33: Sample 99% placed longwise 
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Regarding the catalyst dispersion in the three samples, a homogenous distribution of nano-
tubes in ABS matrix can be observed. This means that the adopted production process, con-
sisting of embedding mixed zeolite in a liquid mixture of ABS and pure acetone, was suc-
cessful in properly dispersing the zeolite in the ABS matrix.  
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 Conclusion 
This dissertation describes the preparation and characterization of ABS-based catalytic 
filaments, which can be further used to fabricate catalysts with FDM-based 3D printing. 
The outcome of the thesis was the preparation of a precursor material that offers the abil-
ity of producing simple or complex catalysts on a low-cost, desktop printer without the 
expensive need of industrial facilities. The combination of this so important process for 
chemical engineering and 3D printing offers the possibility to create unique catalysts with 
very high efficiency. The accurate 3D design has the advantage of better heat and mass 
transfer control, as well as other characteristics important to catalysis, such as porosity. 
CFD methods also provide the opportunity for controlled fluid dynamics. So far, research 
in this field of interest is limited and this is the reason for topic of this dissertation. 
The catalytic filament was produced using ABS as a polymeric matrix, combined with a 
mixture of zeolite-based catalyst and PEG200 as plasticizer. Three samples with 99% 
synthetics -1% zeolite, 97% synthetics – 3% zeolite and 95% synthetics – 5% zeolites 
were prepared and characterized with dynamic ultra-micro-hardness tests. The analysis 
showed that the higher the percentage of synthetics in the initial mixture, the smaller the 
deformation (penetration) is, while the hardness and elastic moduli increase. The formu-
lated filament demonstrated superior mechanical properties compared to printed mono-
liths after calcination in recently research (7), with homogenous distribution of zeolite in 
the filaments. It is thus promising for further production of catalytic structures using a 
low-cost, desktop 3D printer.  
These results add to a growing corpus of research showing that the use of direct 3d print-
ing will be an option for the creation of carefully designed catalyst structures. But there 
is limitation mostly with temperature during calcination. ABS at 220-230 oC starts to melt 
and this is a limitation in high temperatures in a catalyst. Experiments with different per-
centages are needed to conclude to certain results, and the efficient dispersion of zeolites 
in the ABS matrix is particularly important. Further research could be also done in the 
field of design with accurate channels to improve fluid dynamics inside and efficient heat 
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Continuing the process for the printed catalyst  
Computer Aided Design of the 3D Printed Catalyst  
The design of the catalyst plays an important role to its efficiency and needs further re-
search and experiments. This part (Figure 34) presents a 3D CAD of what the catalyst 
would look like in its simplest form, since it was not possible to be printed.  
 
 
Figure 34: Printed 3D Catalyst 
3D Printer 
The 3D printer (Figure 35) and the creation of the monoliths samples follow the prepara-
tion of the CAD and the filament. As there is the need of the use of specific filaments 
(which were created in the laboratory), a printer, that can accept such threads is used. The 
method is the fused depositing method with a heated nozzle, which through the filament 
passes. 
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Figure 35: 3D Printer 
Final Steps 
After the aforementioned processed follows the calcination and the evaluation of catalysts 
both for mechanical strength, for physiochemical characteristics and efficiency. Experi-
ments with different percentages of material and different geometries and design are nec-
essary for a more comprehensive conclusion. 
 
 
